Samples
Six fresh and 70 dried nori samples originating along the Ariake Sea included normal and discolored ones that had been collected from November, 2001 , to January, 2003. They were placed separately in polyethylene bags and kept frozen until use.
Elemental analysis
Samples of fresh nori (ca. 0.5 g) or dried nori (ca. 0.1 g) were precisely weighed and digested with 8 ml of nitric acid and 2 ml of cold hydrogen peroxide in perfluoroalcohoxil vessels (Milestone) with increasing electric power from 250 to 650 watts within 20 min in a microwave digestion apparatus. 7 The vessels were cooled, and the solutions were transferred to flasks and filled to 50 ml with 5% nitric acid. For the determination of major elements, such as Ca, Mg, and P, the solutions were diluted ten-fold by 5% nitric acid. 8 For chlorophyll a and total carotenoids, all operations were performed at room temperature in weak light. Fresh nori (ca. 0.3 g) or dried nori (ca. 0.1 g) samples were cut finely with ceramic scissors. They were frozen with liquid nitrogen and then crushed with sea sand in a mortar with a pestle. A 10-ml volume of a 90% acetone solution was added, and the mixture was crushed again. The mixture was transferred to a centrifuge tube and centrifuged at 1500 × g for 20 min. The supernatant solution was transferred, and the residue was again extracted with 10 ml of the same extraction solution. Supernatants were combined and subjected to the determination of chlorophyll a by the absorbance at 630, 645, and 665 nm and that of carotenoids at 480 nm. The net absorbance at each wavelength was calculated by subtracting the background absorbance at 750 nm.
Pigment analysis
For phycobiliproteins, fractionation was performed in an ice bath. A 15 ml volume of a cold phosphate buffer, pH 6.5, was added to the samples, and the mixture was stored overnight at 4˚C. The mixture was then centrifuged at 2500 × g for 40 min. The supernatant was transferred, and the residue was again extracted with 10 ml of the same buffer and stored overnight at 4˚C. Finally, the supernatants were combined and centrifuged. The contents of phycobiliproteins were calculated by the absorbances at 565 and 615 nm for phycoerythrin and phycocyanin, and at 565, 620, and 650 nm for allophycocyanin. The contents of pigments were calculated by the following equations: 9, 10 Chlorophyll a (µg/ml) = 11.6A665 -1.31A645 -0.14A630, Carotenoid (µg/ml) = 4.0A480, Phycoerythrin (µg/ml) = 119.4A565 -53.6A615, Phycocyanin (µg/ml) = 164.5A615 -0.14A565, Allophycocyanin (µg/ml) = 204.0A650 -51.9A620 -1.52A565, where A is the absorbance at the wavelength attached as the suffix to A.
SPAD value
Besides the spectrophotometric measurement, chlorophyll a in the dried nori samples was directly measured by a Minolta 1 cm chlorophyll meter. The reading unit of the meter is indicated as the SPAD value, which is expressed as (A650 -A940), where A650 is the absorbance of chlorophyll and A940 is that of background. The SPAD value is usually used without converting to the chlorophyll content. Five separate parts in a sheet of dried nori (20 × 20 cm) were measured, and the averaged value was expressed as the SPAD value. The absorbance at 650 nm includes not only chlorophyll a, but also allophycocyanin (λmax 650) and a part of phycocyanin (λmax 615) (refer to Fig. 3 ). The correlation coefficients (R) were calculated using Microsoft Excel software.
Results and Discussion

Discoloration of nori
Fresh normal (F1 to F4) and discolored nori (F5, F6) are shown in Fig. 1 , and twelve dried sheets of nori (D1 to D12) selected from 70 samples with different degrees of color varying from normal to the most discolored are shown in Fig. 2 . The pigment contents of fresh and dried nori in Figs. 1 and 2 are summarized in Table 1 . The absorption spectra of chlorophyll a and carotenoids of a set of the fresh normal (F1) and discolored (F5) samples, as well as of a set of dried samples (D1 and D11), are shown in Fig. 3a . Pigments were extracted from the same weight in each set of samples, i.e., 0.3 g fresh weight for fresh samples and 0.1 g dry weight for dried samples. As can be seen in Fig. 3a and Table 1 , the decrease in chlorophyll a and carotenoids can be clearly observed in the discolored samples.
Phycobiliproteins, [11] [12] [13] which are water-soluble fluorescent proteins mainly composed of phycoerythrin (PE), phycocyanin (PC), and allophycocyanin (APC), gave the absorption spectra shown in Fig. 3b , in which the decrease in the absorption corresponding to PE, PC, and APC can also be seen in the discolored samples. The bilin chromophores of these proteins are shown in Fig. 4 , in which PE corresponds to phycoerythrobilin and both PC and APC to phycocyanobilin. The specific black color of nori is a color mixture of chlorophyll a, carotenoids, and phycobiliproteins. The discoloration of nori, therefore, has been determined to be caused by a reduction in all of the photosynthetic pigments.
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ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 This fact clearly indicates that there is a decrease in the photosynthetic ability that results in growth retardation. There are many possible causes of this phenomenon. Therefore, elemental analysis was conducted, since it was possible that there was a deficiency in some nutrients or constituents required for the photosynthetic functions or mechanisms.
Determination of elements
Eleven elements (Al, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, P, and Pb) were determined by ICP-AES. Traces of Al, Cd, Cr, Ni, and Pb were below the detection limits. The results of the other six elements in 6 fresh nori samples and 12 out of 70 dried samples are summarized in Table 2 . In fresh nori, trace elements of Fe, Zn, Mn, and Cu in the discolored F5 and F6 samples were about 50% to 30% lower than those in the normal F1 and F2 samples. Of the major elements, only phosphorus provided smaller values in the discolored fresh and dried samples.
Correlation of the contents of metals and pigments
The correlation of the contents of chlorophyll a and the elements in the fresh and dried samples is shown in Figs. 5a and 5b, respectively. For the dried samples, 70 are plotted, and the SPAD value is used instead of the chlorophyll a content. In the fresh samples, good correlations were observed in Fe, Zn, Cu, and P, and relatively good correlations were noted in Mn. In the dried samples, a similar tendency was observed; however, the R value of Cu was lower than that of fresh samples. This may be attributed to an analytical error due to the low Cu content or due to a loss of the element during the drying procedures. Calcium (data not shown) and Mg did not show any noticeable correlation.
A similar correlation between these elements and the total content of phycobiliproteins was observed, which is shown in 6 . The lower metal contents in the dried samples than those in the fresh ones might be due to the leakage of soluble components caused by cell disruption that might occur during the washing and drying processes. From these data, it is evident that the trace metals (Fe, Zn, Mn, and Cu) and the major element (P) are essential for the production of chlorophyll a and phycobiliproteins, and that the depletion of these elements, thus, caused a reduction of both pigments, resulting in the discoloration of the laver.
Roles of trace elements in photosynthesis
It is well known that essential trace metals are involved in diverse functions in biological reactions, such as respiration, metabolism, electron transfer, and oxidative phosphorylation, in which they are usually involved in proteins as metalloproteins or metalloenzymes. 14, 15 In particular, in plant photosynthesis, carbon dioxide fixation is the initial step in which trace metals, such as Fe, Zn, Mn, and Cu, and major elements, such as nitrogen and phosphorus, play crucial roles in building up the photosynthetic apparatus.
The light-harvesting complex of Rhodophyta is composed of chlorophyll a, carotenoids, and phycobilisomes. 8, [16] [17] [18] Chlorophyll a and carotenoids are arrayed in the thyrakoid membrane, and phycobilisomes are an assembly of phicobiliproteins that are closely associated with chlorophyll a by attaching to the thyrakoid membrane. 18 Phycobiliproteins are composed of a number of subunits, each having a protein backbone to which linear tetrapyrrole chromophores, phycoerythrobilin and phycocyanobilin, are covalently bound (Fig. 4) . 13 The light is captured first by these tetrapyrrole moieties, and the energy is transferred according to the following chain: phycoerythrin → phycocyanin → allophycocyanin → chlorophyll a.
The de novo synthetic pathway of the linear tetrapyrroles in phycobilins was reported in earlier studies. 18, 19 The first specific precursor of tetrapyrrols in all organisms is 5-aminolevulinic acid (ALA), which is formed in plants from glutamate via the C5 pathway, 18 a nearly universal pathway except in some photosynthetic bacteria and mitochondria of yeasts and animals. The subsequent steps leading to protoporphyrin IX and heme are probably identical in all organisms: ALA is converted to protoporphyrin IX via porphovilinogen, and Fe is incorporated by ferrochelatase to form heme. Phycobilins are then produced by a ring opening of the heme catalyzed by hemooxygenase with the release of Fe and carbon monoxide. 20 Therefore, the involvement of the heme is essential in phycobilin synthesis. This, together with the fact that Fe has diverse roles in all biological reactions, such as energy transfer and metabolism, is demonstrated in Figs. 5 and 6 , which indicate that Fe deficiency had crucial effects on the photosynthesis of the laver. A similar phenomenon among terrestrial plants is "lime-induced chlorosis". It occurs in calcareous soil, in which the uptake of Fe is restricted, causing a reduction in chlorophyll and a yellowing of leaves. 21, 22 Under high pH in calcareous soil, most of the iron in the soil forms sparingly soluble Fe III For instance, only 3 × 10 -17 M of Fe 3+ is theoretically soluble at pH 7, which is far less than plants need (10 -4 -10 -8 M) for normal growth. Similar conditions are assumed for seawater, which has a pH of ca. 8, and the solubility of iron is also low at the ppb (mg l -1 ) level, far less than that required by the laver. Manganese is known as a Mn complex in the photochemical system II in which the photosynthetic reaction is initiated by the withdrawal of electrons from H2O to form O2 and NADPH. 23 Copper is an active center of plastocyanin, an essential protein to transport electrons from antenna complex P680 to P700. 24 Zinc is essential for all biological reactions, especially protein synthesis, transcription, hydrolysis, and dehydrogenation. 14, 15 Zinc deficiency can be deduced to cause a noticeable reduction in the growth of nori. Finally, the major element, phosphorus, is not only a key element in the photophosphorylation reaction in photosynthesis, 25 but it is also a major constituent of the thyrakoid membrane, as are phospholipids. From this evidence and the fact that nitrogen and phosphorus are key nutrients in nori growth, 2,3 the reasons for the discoloration and the reduction of biomass may be ascribed to malnutrition of the major and trace metals required for photosynthesis.
Conclusion
A study of the effects of these elements on growth and pigment formation under the laboratory culture is now in progress. One recent result showed that Fe deficiency caused a reduction in the pigments, which was overcome by the addition of Fe. 26 Detailed results will appear elsewhere.
The final question of why a deficiency of trace elements occurs is examined. Although the details are still unknown, it is supposed that trace elements were taken up by some other organisms before they could be taken up by the laver in the marine food web. In the winter of 2001 in the Ariake Sea, an outbreak of "red tide" plankton, diatoms, was reported before the nori-culturing period. 4 Tsunogai reported that silica is a key element in addition to nitrogen and phosphorus, and that the outbreaks of diatoms occur only when silicate is abundant. 27 He also speculated in his communication that, under the warm and rainy conditions of December, 2000, in the Ariake Sea, much Si ran into the bay and that heavy blooming of diatoms was observed in January, 2001, which removed nutrients to cause oligotrophic conditions for the laver. 28 To clarify the actual cause of the discoloration of nori and the effects of Si, the next target will be to survey the balance of major nutrients and trace elements in seawater during an occurrence of nori discoloration. ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 Fig. 6 Correlation between the contents of the elements and phycobiliprotein in the fresh ( ) and dried ( ) nori samples. Content of elements: µg g -1 dry weight for Fe, Zn, Mn, and Cu; mg g -1 dry weight for Mg and P.
